The oxidative stress theory and its correlate the mitochondrial theory of aging are among the most studied and widely accepted of all hypotheses of the mechanism of aging. To date, most of the supporting evidence for these theories has come from investigations using common model organisms such as Caenorhabditis elegans, Drosophila melanogaster, and laboratory rodents. However, comparative data from a wide range of endotherms provide equivocal support as to whether oxidative stress is merely a correlate, rather than a determinant, of species' maximum lifespan. The great majority of studies in this area have been devoted to the relationship between reactive oxygen species and maximal longevity in young adult organisms, with little emphasis on mitochondrial respiratory efficiency, age-related alterations in mitochondrial physiology or oxidative damage. The advantage of studying a broader spectrum of species is the broad range of virtually every biological phenotype/trait, such as lifespan, body weight and metabolic rate. Here we summarize the results from a number of comparative studies in an effort to correlate oxidant production and oxidative damage among many species with their maximal lifespan and briefly discuss the pitfalls and limitations. Based on current information, it is not possible to accept or dispute the oxidative stress theory of aging, nor can we exclude the possibility that private mechanisms might offer an explanation for the longevity of exceptionally long-lived animal models. Thus, there is need for more thorough and controlled investigations with more unconventional animal models for a deeper understanding of the role of oxidative stress in longevity.
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Synopsis The oxidative stress theory and its correlate the mitochondrial theory of aging are among the most studied and widely accepted of all hypotheses of the mechanism of aging. To date, most of the supporting evidence for these theories has come from investigations using common model organisms such as Caenorhabditis elegans, Drosophila melanogaster, and laboratory rodents. However, comparative data from a wide range of endotherms provide equivocal support as to whether oxidative stress is merely a correlate, rather than a determinant, of species' maximum lifespan. The great majority of studies in this area have been devoted to the relationship between reactive oxygen species and maximal longevity in young adult organisms, with little emphasis on mitochondrial respiratory efficiency, age-related alterations in mitochondrial physiology or oxidative damage. The advantage of studying a broader spectrum of species is the broad range of virtually every biological phenotype/trait, such as lifespan, body weight and metabolic rate. Here we summarize the results from a number of comparative studies in an effort to correlate oxidant production and oxidative damage among many species with their maximal lifespan and briefly discuss the pitfalls and limitations. Based on current information, it is not possible to accept or dispute the oxidative stress theory of aging, nor can we exclude the possibility that private mechanisms might offer an explanation for the longevity of exceptionally long-lived animal models. Thus, there is need for more thorough and controlled investigations with more unconventional animal models for a deeper understanding of the role of oxidative stress in longevity.
Testing the role of oxidative stress in aging
The free-radical theory was first proposed by Denham Harman more than 50 years ago (Harman 1956 ). The basis of this proposal is that the biochemical and physiological declines associated with aging are caused by an accumulation of oxidative damage to cells as a result of free-radical species formation during cellular metabolism. The underlying principle of this theory is that an imbalance exists between cellular production of free radicals and the complex network of antioxidant defense/damage repair mechanisms available to detoxify and remove the damage they have induced, and this imbalance is the driving force behind aging (reviewed by Beckman and Ames 1998; Muller et al. 2007) . Studies aimed at testing the role of oxidative stress in aging have used genetic manipulations to alter antioxidant status and oxidative damage in traditional experimental animal models, namely nematodes, fruit flies and mice. These studies have generated equivocal and contradictory findings (Muller et al. 2007; Perez et al. 2009a Perez et al. , 2009c . Several studies in invertebrates have shown an increase in lifespan in response to increased antioxidant defense, yet other studies show no beneficial effect of increased antioxidant defense. The great majority of studies in mice show no change in lifespan following increased or reduced antioxidant enzyme activity (Perez et al. 2009c) . Although the negative results from transgenic and knockout mice studies could be an outcome of imbalance of beneficial function of ROS as cumulating evidence suggesting the physiological role of ROS in the regulation of cellular signaling (Finkel 2003; Jones 2008) . Nevertheless, many of these studies have utilized only a few common laboratory animal species that have been kept in captivity for generations. Indeed, most supporting evidence for the oxidative stress theory of aging is based on studies from specific strains of particular species (e.g., the C57BL/ 6 genetic background in mice, and the Fischer 344 strain of rats) which makes the generalization of conclusions problematic.
One way to address this issue would be to determine whether oxidative stress correlates with longevity in phylogenetically diverse organisms. A comparative approach to determine shared and private mechanisms among various species is a powerful strategy to test different hypotheses of aging and is fundamental to the understanding of the aging process. Uncovering the molecular, cellular and physiological mechanisms underlying the variation in species' longevity will help to ultimately intervene with specific strategies to prolong lifespan and improve quality of life. Here, we discuss some of the studies that have looked at the impact of mitochondrial function and generation of reactive oxygen species (ROS) as well as oxidative damage across species and the relationship of these parameters to lifespan.
A primary site for the generation of free radicals or ROS is the mitochondrial electron transport chain (ETC). During oxidative phosphorylation, electrons can escape ETC between the respiratory complexes and combine with oxygen to produce the superoxide anion radical. Superoxide (O ÁÀ 2 ) can react with cellular (and mitochondrial) components directly; but it will also be scavenged by superoxide dismutases and converted to hydrogen peroxide (H 2 O 2 ). H 2 O 2 can easily diffuse out of the mitochondria and cause damage to cytosolic components or participate in signaling pathways that are sensitive to changes in cellular redox. In particular, mitochondrial generation of ROS has been proposed to lead to increased oxidative damage to mitochondrial proteins, lipids and DNA, eventually leading to more dysfunctional or defective mitochondria. This idea forms the basis of the Mitochondrial Theory of Aging, proposed as a correlate of the Oxidative Stress Theory by Denham Harman in the 1970's (Harman 1972) . Damage to the mitochondria as a result of oxidative stress with age would be predicted to lead to decrease of mitochondrial energetic competence to produce ATP, increased production of ROS, and alterations of many other important physiological functions of mitochondria such as regulations of calcium homeostasis and apoptosis. As a consequence mitochondrial dysfunction and elevated level of production of ROS subsequently will result in a compromise in cellular function. Over time the deficits caused by this cycle of oxidative damage would presumably amplify and contribute to the age-related decline in physiological function. In fact, alterations in mitochondrial function and increased generation of mitochondrial ROS have long been correlated in the reduced capacity in cellular function that occurs with aging (Navarro and Boveris 2007) . Numerous studies demonstrating an increase in oxidative damage to mitochondrial lipids, proteins, and DNA with age support a role for oxidative damage to mitochondria during aging (for a review, see Muller et al. 2007 ) and various aspects of mitochondrial function have been shown to be compromised with age (Byrne et al. 1991; Bowling et al. 1993; Feuers 1998; Kwong and Sohal 2000; Boffoli et al. 1994) . Measuring species' differences in generation of free radicals and differences in mitochondrial efficiency, and evaluating the relationship of these parameters to longevity across species may provide important clues for better understanding the role of oxidative stress and mitochondrial dysfunction in aging.
Do long-lived species have lower mitochondrial production of ROS?
A primary prediction of both the oxidative stress and mitochondrial theories of aging is that production of mitochondrial ROS increases with age. A number of studies have shown that mitochondria from older organisms produce a greater amount of ROS than do mitochondria from younger organisms. This has been demonstrated in a variety of organisms ranging from insects to mammals (Nohl and Hegner 1978; Farmer and Sohal 1989; Sohal 1991; Sohal and Dubey 1994) . The oxidative stress theory of aging would predict that animals with longer lifespans would either produce less ROS, have more effective defense/repair mechanisms against damage by free radicals or both. Consistent with this idea, previous comparative studies have reported that production of mitochondrial ROS is inversely correlated with lifespan among different species, i.e., short-lived animals reportedly produce more mitochondrial ROS than do long-lived ones Barja and Herrero 1998; Lambert et al. 2007) . Tables 1 and 2 summarize many of these studies. The majority of evidence supporting this idea is from two research groups (Sohal and Barja) that have studied flies, mammals (such as mice, rats, guinea pigs, rabbits, and cows), and birds (such as canaries, parakeets, and pigeons). Sohal and colleagues (1989 Sohal and colleagues ( , 1990 Sohal and colleagues ( , 1993b have measured the rate of generation of superoxide (O ÁÀ 2 ) in sub-mitochondrial particles and of hydrogen peroxide (H 2 O 2 ) in isolated mitochondria from a variety of tissues, including liver, kidney, heart, and brain. In these studies, generation of ROS was found to correlate inversely with lifespan among mammals (including a variety of rodents, rabbits, pigs, and cows) (Sohal et al. , 1990 ). Barja's group has shown that mitochondrial ROS is also lower in long-lived birds such as pigeons (maximum lifespan potential, MLSP $35 years), canaries (MLSP $24 years), and parakeets (MLSP $21 years) compared to rodents with a similar body size Barja 1997, 1998) . However, the relationship between ROS production and lifespan of all the species in these two studies did not show a strong correlation. Interestingly, it was suggested that the low level of generation of ROS might provide a partial explanation for the exceptional longevities for birds compared to mammals despite birds' very high metabolic rate. In line with these data, the result from a comparison between bats (Myotis lucifugus, MLSP $ 34 years), white-footed mice (Peromyscus leucopus, MLSP $8 years) and shrews (Blarina brevicauda, MLSP $2 years) again showed a lower generation of ROS in the long-lived species compared to the shorter lived species (Brunet-Rossinni 2004) . Despite a 4-fold difference in longevity both the bats and the white-footed mice had similar levels of ROS production ). Long-lived snakes have also been shown to have lower production of ROS than short-lived ones (Robert et al. 2007) . The exact components of the respiratory chain responsible for the lower production of mitochondrial ROS in long-lived species are unclear, although there is some evidence predominantly implicating complex I in birds as being responsible (Herrero and Barja 1997; Lambert et al. 2010) . Finally, a recent study that measured H 2 O 2 across a variety of species including mice, naked mole rats, deer mice and bats reported a negative correlation between lifespan and generation of ROS (Lambert et al. 2007 ); however, there are no differences in generation of ROS between the short-lived mice and long-lived naked mole rats, and there are some other concerns with the interpretation of this study as discussed in detail below.
Another prediction of the oxidative stress theory of aging would be that long-lived species would have attenuated age-dependent increase in generation of ROS than do short-lived ones. This hypothesis was tested by Csiszar et al. (2007) in a study comparing mitochondrial ROS in vascular tissue in species with varying lifespan at different ages, i.e., young and old naked mole-rats (MLSP 430 years) and laboratory rats (MLSP $3 years). Cellular production of O ÁÀ 2 and H 2 O 2 significantly increased with age in rats' arteries, whereas they did not change substantially with age in naked mole-rats' vessels, either when age was expressed as actual time or as a percentage of maximal lifespan. Mitochondrial generation of O ÁÀ 2 measured using MitoSox dye in fibroblasts isolated from Peromycus has also been shown to be lower than in fibroblasts from mice (Ungvari et al. 2008) . Sasaki et al. (2008) only of mitochondria origin. This could potentially account for some differences observed.
In general the studies described above support the idea that longer lived species have lower generation of mitochondrial ROS. However, there are some potential limitations in these existing studies. For example, several studies were conducted using sub-mitochondrial particles (SMPs), which has the mitochondrial inner membrane inside out to detect production of superoxide (Sohal et al. , 1990 levels. In addition, some of the H 2 O 2 -detecting probes used in the early studies in isolated mitochondria, e.g., p-hydroxyphenylacetate (PHPA) and homovanillic acid (HVA), suffer from low sensitivity. Another problem is that different respiratory substrates were used in different studies complicating direct comparison and interpretation. Even in the cases in which the same substrate was used, the variation in rate of ROS generation is dramatic. It is also important to note that the inverse relationship between heart mitochondrial ROS and lifespan observed in the study by Lambert et al. (2007) described above was only evident when succinate was used. Succinate is known to induce significant amount of reverse electron transfer. This study could be interpreted to suggest that reverse electron transfer through complex I may be an indicator of longevity. However, the physiological significance of reverse electron transfer is uncertain and it is not known why the correlation was not evident when other substrates that generate forward electron transport through the various components of the ETC were used. In addition, it is possible that the results obtained in this study may be specific to heart mitochondria, since different tissues have specific metabolic requirements and mechanisms controlling ROS production (Tahara et al. 2009 ). Finally, interspecific difference in mitochondrial organization will undoubtedly influence the efficiency of mitochondria in substrate utilization as well as in proton leak.
Another important issue is the lack of control for an important potential covariant-body size. The observed correlations in many of the previous studies could simply reflect the well-known effects of body size on numerous biological traits. For example, using existing records of mammalian longevity and mass, it has been calculated that species that are twice as large as others will live $16% longer (Hulbert et al. 2007 ). Another factor that has often been ignored is the phylogenetic interdependence of the species being compared. Because of this, some of the traits being studied may be specific for a particular phylogenetic group (e.g., birds). The relationship between distantly related species with diverse phylogenetic histories such as the pair of rats and pigeons, or more closely evolved species such as mice and rats requires the use of stringent statistical analysis to determine the validity of the correlations. For example, the study by Lambert et al. (2007) addressed the question of whether mitochondrial ROS is a determinant of longevity after correction for body mass or interdependence of phylogeny using a range of species. After correcting for body mass, residual analysis revealed a significant negative correlation between lifespan and mitochondrial H 2 O 2 in isolated heart mitochondria respiring on succinate. However, the inverse relationship did not hold in regression analysis after correcting for phylogeny (Lambert et al. 2007 ).
Do long-lived species have increased mitochondrial respiratory efficiency?
Aerobic metabolism relies on mitochondria to supply ATP for cellular energy demand. Mitochondria utilize $90% of the resting oxygen consumption (Chance et al. 1979 ) and of which $80% is coupled to ATP synthesis, whereas the other 20% is uncoupled to oxidative phosphorylation by proton leak (Rolfe and Brown 1997) . While a number of studies have measured free radical production by mitochondria across several species, there have been only a few studies comparing the effect of mitochondrial respiration in different species. One counterintuitive finding is that isolated heart mitochondria from parakeets, canaries and pigeons (Herrero and Barja 1997 ) consume significantly less oxygen per milligram mitochondrial protein than do mitochondria from rodents, despite a higher basal metabolic rate and average daily metabolic rate in birds than in rodents. However mitochondrial free-radical leak normalized to oxygen consumption is lower in canaries and pigeons than in mice or rats respectively suggesting mitochondria from birds are indeed more efficient. In another study, oxygen consumption was compared among bats, shrews, and white-footed mice (Brunet-Rossinni 2004). However, the selection of animals in this study was not based on comparisons matched either by size or phylogeny. The oxygen consumption of the whole organism was used to calculate mean mitochondrial efficiency rather than oxygen consumption from isolated mitochondria or from the tissue from which mitochondria were isolated; thus it is difficult to interpret the significance of these results.
Another way to evaluate the efficiency of respiration in mitochondria is through assays of the activity of ETC complexes. Table 3 shows a summary of studies that have measured changes in ETC activity during aging in a variety of species. A few studies have suggested that there are differential changes in the activities of the ETC with age, mostly in post-mitotic tissues such as heart and brain. Complexes I and IV showed decreased enzymatic activities in isolated mitochondria from rats' liver, brain, heart, and kidney upon aging, whereas complexes II and III were minimally affected (Navarro and Boveris 2004) . Kwong and Sohal (2000) reported the activities of respiratory complexes I, II, III, and (Sugiyama et al. 1993b) I and IV Decrease Monkey brain (Bowling et al. 1993) II, III, or V No change IV from brain, heart, skeletal muscle, liver, and kidney of young, middle-aged, and old C57Bl/6 mice. No common patterns in age-related changes of the various complex activities were observed, yet adverse effects of aging were more apparent in brain, heart, and skeletal muscle. Recently Choksi et al. (2007) re-evaluated the age-related changes in ETC complexes more accurately utilizing specific inhibitors of each complex. They found decreased activities in only complexes I and V in the heart mitochondria from old mice and that there were no age-associated differences in complex IV. Surprisingly, they also reported age-related increases in activities of complexes II and III even though age-related oxidative modifications such as carbonylation, 4-hydroxy-nonenal adducts, and nitrotyrosine modifications were identified in specific subunits of all five complexes using a proteomic approach. These disparate age-related responses of the various complexes despite augmented oxidative damage with age are puzzling and suggest that accrued oxidative damage is not the predominant cause of changes in ETC activity with age. The activity of complex I has also been reported to decrease with aging in dogs and rats, especially in skeletal muscle (Sugiyama et al. 1993) . In rhesus monkeys, activities of brain mitochondrial complexes I and IV were shown to negatively correlate with age, with no significant changes in complexes II, III, or V (Bowling et al. 1993) . The lack of consistent and reproducible changes in ETC activities among different species and in different tissues points to the need for a more comprehensive analysis of agerelated changes in both transcriptional and posttranslational regulations of the ETC complexes. In fact, down-regulation of genes of the ETC at the transcriptional level has been regarded as one of the common aging signatures in multiple tissues of fruit flies, mice, and humans (Zahn et al. 2006 ).
Do long-lived species have reduced oxidative damage?
The consequence of incomplete removal of the generation of mitochondrial free radicals is oxidative damage. Studies investigating oxidative damage fall into two categories: (1) comparison of damage in young adults of multiple species; and (2) comparison of damage in young versus old animals in a single model organism. Most comparative interspecific studies investigate oxidative damage in young individuals of each species. Although this is generally regarded to be for practical reasons, there is a scientific rationale in that traits influencing rates of aging ought to be present throughout life and if these traits facilitate long life, their impact should be evident even at an early age. Only a few studies have applied both approaches for testing the oxidative stress theory of aging Sasaki et al. 2008) . In these studies, comparisons were not only made between species of the same chronological age, but also between species of equivalent physiological age (equal in percentage of their MLSP). We have summarized a number of key studies measuring oxidative damage to lipids, DNA, and proteins below.
Oxidative damage to lipids
Lipids are the primary component of biological membranes and can influence many biological processes that affect cell survival. Oxidative damage to lipids can occur through direct reaction with ROS or indirectly by interaction with reactive aldehydes. Lipids are particularly sensitive to oxidative insult because of the high content of double bonds in unsaturated fatty acids. The oxidation of lipids leads to the formation of hydroperoxides and endoperoxides, which in turn produce reactive intermediates, including alkanals, alkenals, hydroxyalkenals, malondiadehyde (MDA), and hydroxynonenal (HNE). These carbonyl compounds and their peroxide precursors are highly unstable and can attach nucleophilic groups in proteins, thereby leading to irreversible chemical, structural and/or functional modifications which can alter membrane fluidity/plasticity and disrupt membrane-bound proteins. Many investigators have been interested in determining age-related changes in oxidative damages to lipids. The mammalian species studied include mice, rats, dogs, and humans. Age-related increases in lipofusin, MDA-thiobarbituric acid reactants (TBARS), lipid hydroperoxides, exhaled hydrocarbons, and F 2 -isoprostances (Ward et al. 2005 ) in various tissues have been observed (summarized by Hulbert et al. 2007) . Recently, it has been shown that membrane fatty acid composition, especially the content of omega-6 polyunsaturated fatty acid varies in a systemic manner with body size in mammals and in birds. This raises the possibility that variations in membrane composition can explain part of the differences in the rate of aging in a variety of systems. Low level of unsaturation in the fatty acids of the plasma membrane is a trait found in all long-lived homeothermic vertebrates studied, relative to their short-lived counterparts (rats and mice). The relationship of susceptibility of lipids to peroxidation (reflected by the calculation of peroxidation index) and membrane composition among vertebrate species has been comprehensively reviewed by Hulbert et al. (2007) . The long-lived naked mole-rat (MSLP 430 years) is an interesting example that is not consistent with the oxidative stress theory. Lipid peroxidation measured by MDA adducts and isoprostanes is 2-and 10-fold higher, respectively, in naked mole-rats than in mice at young age . In addition, the naked mole-rats do not show age-related accumulation of oxidative damage from lipid peroxidation as have been shown in mice . This argues against accrued damage caused by oxidative stress as a key driving force of the aging process and suggests that the naked mole-rats may have superior resistance to the presumable age-related increases in oxidative stress.
Oxidative damage to proteins
Proteins carry out important biological functions and are the most abundant macromolecules present in cells. Oxidation of proteins by ROS or other reactive species, leads to fragmentation of polypeptide chains, oxidation of amino acid side chains, and/or generation of protein-protein cross-links (Stadtman 2006) . As a consequence, changes in protein confirmation, enzymatic activity, binding affinity, and/or recognition sites for other interacting proteins occur. Among all types of modifications, protein carbonyls are greater by orders of magnitude than are other kinds of protein oxidation (Dean et al. 1997) . The carbonyl content of proteins has become a general bio-marker for estimation of oxidative stressmediated oxidation of proteins. Other methods include detecting products of specific amino acid modifications, such as dityrosine, nitrotyrosine, or methionine sulfoxide, to name a few. In addition, oxidation of carbohydrates causes advanced glycoxidation end-products (AGEs) on proteins (Thorpe and Baynes 2003) . Change in overall content of protein thiols is also considered another important indicator for the age-related change in protein structure and oxidant status (Agarwal and Sohal 1994) . Furthermore, alterations of protein conformation reflected by changes in hydrophobicity and formation of aggregates have been used as markers of an age-related increase in the oxidation of protein (Chao et al. 1997) . Incomplete repair or removal of oxidized proteins results in accumulation of the ''damaged'' proteins and are manifest with age, thereby exacerbating age-related decline in cellular function. Many studies using individual animal models have demonstrated that cellular content of protein carbonyls increases with age, as reported for the brain of gerbils (Carney et al. 1991; Dubey et al. 1995) , livers of mice , and plasma of mice and rats (Jana et al. 2002) .
Based on oxidative-stress theory of aging, we predict that long-living animals will have less oxidative damage in the proteome due either to low production of ROS or to efficient pathways of protein degradation. Sohal's group has demonstrated in houseflies that (1) protein carbonyl content increase with age after exposure to X-irradiation or hyperoxia; and (2) the extent of protein carbonyl is negatively correlated with lifespan (Agarwal and Sohal 1993; Sohal et al. 1993a ). The white-footed mice showed lower levels of protein damage than did mice in response to experimental oxidative stress (Sohal et al. 1993b) . Another study that included four mammals and one bird (mice, rats, rabbits, pigs, and pigeons) found that MLSP was inversely correlated to the susceptibility to acute oxidative stress reflected by protein carbonyl (Agarwal and Sohal 1996) . Two bat species have been shown to have lower protein carbonylation under both control and conditions of acute in vitro stress than do short-lived mice (Salmon et al. 2009 ). However, more recently, a study investigating potential differences in protein modification and proteasome activity between long-lived pigeons and short-lived rats revealed that skeletal muscle from pigeons showed significantly higher levels of multiple modification products of protein oxidation including protein carbonyls. The pigeon samples also showed significantly lower levels of the peptidase activities of the proteasome. This has been interpreted as evidence against a correlation between low-protein oxidation and longer lifespan (Portero-Otin et al. 2004 ). The naked mole rat represented an exception from the oxidative stress theory of aging by having a significantly higher degree of carbonylations of proteins Buffenstein 2008 ) and an extreme long lifespan. However age-related increase in cysteine oxidation, protein unfolding by urea, ubiquination of proteins which are detected in the mouse are absent in the naked mole rat over two decades (Perez et al. 2009b) . Thus, it is currently unclear whether oxidative damage to proteins has a causal relationship with MLSP.
Despite the fact that studies of global modification of proteins by oxidative damage fail to support the oxidative stress theory of aging, the discovery of specific susceptibility of individual proteins to oxidative stress is informative. It is of great interest and importance to identify those proteins that are easily or heavily modified as well as the functional consequences of those oxidative modifications. There is an emerging interest in the identification of reversible modification of proteins by free radicals, such as nitration. Protein nitration and denitration have been found to meet the criteria of signaling mechanisms under certain physiological and pathological conditions, to affect cellular processes such as metabolism and redox homestasis (Koeck et al. 2004; Castello et al. 2006 ). Therefore it is not only necessary to uncover the different modifications by oxidative stress in various species, but the cellular responses to specific modifications of certain proteins may provide clues of the contribution of protein oxidation to species' longevity. It is also important to uncover the global buffering capacity of the proteostasis network of each species during aging given the recent insight from studies carried out by Morimoto's group (Ben-Zvi et al. 2009 ).
Oxidative damage to DNA
Oxidative damage to DNA can significantly impact survival of cells and tissues through loss or modification of genetic information. This is especially critical in post-mitotic tissues. Studies have shown that low generation of mitochondrial ROS in long-lived mammals is associated with significantly lower levels of 8-hydroxyguanosine (8-oxodG) in their mitochondrial DNA (mtDNA) in the brain and heart (Barja and Herrero 2000) . The 8-oxodG is also lower in the heart and brain mtDNA of long-lived birds compared to similar sized rodents (Herrero and Barja 1999) . Interestingly, no correlation was found between 8-oxodG in nuclear DNA (nDNA) and MLSP in either of the studies. These studies suggest that mtDNA is more vulnerable to oxidative damage and that nDNA is not a predictor of MLSP. However, urinary excretion of modified bases/nucleosides (8-oxoGua, 8-oxodG and 5-HMUra) which is reflective of oxidative DNA damage at the level of the whole organism, has been reported to correlate with specific metabolic rate in six mammalian species (mice, rats, rabbits, dogs, pigs, and humans). Among the three, 8-oxo-Gua is the only one inversely correlated with MLSP (Foksinski et al. 2004) . Similar results are obtained from an independent study of urinary samples from mice, rats, guinea pigs, cats, chimpanzees, and humans (Svoboda et al. 2006) . These data suggest that 8-oxo-Gua rather than 8-oxo-dG may be a general marker of oxidative damage.
Investigations regarding DNA repair mechanisms among species with various MSLP have yielded general agreement that long-lived animals have superior capacities for DNA repair in comparison to short-lived ones (Hart et al. 1979; Cortopassi and Wang 1996) . It is reasonable from the evolutionary point of view to suggest that short-lived animals will not invest as much in DNA repair if they are only going to live for a short period of time, while animals with a relatively long lifespan would evolve mechanisms enhancing DNA repair, thereby preventing tumorigenesis in response to prolonged exposure to endogenous and exogenous free radicals. In support of this, Vijg (2000) reported that mice accumulate mutations during aging at a much faster pace than humans do, thereby reflecting a higher capability of the human genome's quality-control mechanisms. However, long-living rodent model, naked mole rat in which no incidence of tumor has ever been reported has 2-fold and 8-fold higher 8-OHdG level respectively in the kidney mtDNA and liver nDNA compared with age-matched mouse. Therefore the significance of DNA oxidation in determining longevity is still questionable.
Conclusions
Based on current information from the literature on comparative biology, there is no conclusive evidence at present that supports the oxidative stress/mitochondrial hypothesis of aging. It is tempting to deduct a single cause behind all aging phenomena, yet in reality aging could very well be multifaceted as is the case for many other biological processes. The diversity in such biological traits as size, metabolism, physiology, and lifespan in the animal kingdom offers a unique opportunity to study this question; and provides a much more powerful analytical tool than do approaches simply using conventional models. With the increasing incidence of phylogenetic analysis and use of more unconventional species (e.g., different invertebrate models) in research on aging, and as the quest for mechanisms of aging continues, we can expect to see significant advances in the fundamental knowledge of aging, modifications to existing hypotheses about aging, and in particular better understanding of the role of mitochondria and oxidative damage in aging.
